The effect of structure parameters on the electroluminescence and photoconductivity of multilayer structures with self-assembled Ge(Si)/Si(0 0 1) islands has been studied. The highest intensity of the room-temperature electroluminescence in the wavelength range of 1.3-1.55 μm has been observed for the islands grown at 600
Introduction
During the last few years, much effort has been devoted to the creation of Si-based optoelectronic devices using the space localization of charge carriers [1] [2] [3] . In the case of Si devices, it was proposed to use the localization of carriers in regions with low concentration of non-radiative centers in order to increase the efficiency of the optical recombination of charge carriers at room temperature (RT) [1] [2] [3] . The growth of epitaxial SiGe/Si(0 0 1) heterostructures gives much more opportunity for the space localization of carriers through bandgap engineering and fabrication of different types of lowdimensional structures such as quantum wells, wires, selfassembled islands and quantum dots [4, 5] . The most effective carrier confinement is realized in multilayer structures with coherent Ge(Si)/Si(0 0 1) self-assembled islands and quantum dots where holes are localized in islands and electrons-in Si spacer layers [6, 7] . Another important advantage of the structures with coherent Ge(Si) self-assembled islands is their ability to work in the wavelength range of 1.3-1.55 μm, which is used by modern fiber communications. In the last few years, different groups have reported on the observation of RT electroluminescence (EL) [8] [9] [10] [11] and photoconductivity (PC) [12, 13] of structures with Ge(Si) self-assembled islands in this wavelength range. The bulk Si is transparent in the wavelength range of 1.3-1.55 μm that permits the application of optoelectronic devices based on Ge(Si) islands together with well-developed silicon passive optical elements (see for example [14] and references therein). The last fact allows the integration of optical and electronic devices within one silicon chip. The observation of both EL and PC in the wavelength range of 1.3-1.55 μm from the same structure with Ge(Si) islands makes these structures a promising material for the fabrication of a Si-based optocoupler for this wavelength range [15] .
One more advantage of SiGe light-emitted nanostructures is their higher radiation hardness (RH) in comparison with Si and Ge bulk materials [16] [17] [18] . High RH has also been found for low-dimensional structures based on different semiconductor systems such as InGaAs/GaAs [19, 20] and AlAs/GaAs [21] . It could open the way for the usage of these nanostructures in radiation-hardened optoelectronic components. However, all published results are devoted to the study of the radiation impact on the photoluminescence (PL) properties of SiGe nanostructures [16] [17] [18] . The authors have not come across any paper wherein the influence of the radiation treatment on EL and PC of SiGe structures with self-assembled islands has been studied.
In this work, the effect of the parameters of the multilayer diode structures with Ge(Si)/Si(0 0 1) self-assembled islands on EL and PC from the islands has been investigated. The parameters of Ge(Si) islands have been varied by using the different growth temperatures and thicknesses of the Si spacer layers. The main goal of this study is the optimization of structure parameters to increase both the EL and PC signals from Ge(Si) islands in the wavelength range of 1.3-1.55 μm at RT. A comparative study of neutron radiation on the EL and PC of Si light-emitted diodes and diodes with Ge(Si) selfassembled islands has been carried out.
Experimental details
The samples under investigation were the p-i-n diodes grown by solid source MBE on p + -Si(0 0 1) substrates. Si and Ge deposition rates were ∼0.1 nm s −1 and ∼0.015 nm s −1 , respectively. The growth of the structures started with the deposition of a 200 nm thick contact p + -Si layer doped with boron up to 10 18 -10 19 cm −3 . Then, a 50 nm thick undoped Si layer was grown, followed by 20 periods of Ge(Si) islands separated by the Si spacer layers. The growth temperature of the multilayer structures with islands and the thickness of the Si spacer were varied in the ranges of T g = 550-700
• C and d Si = 7.5-32 nm, respectively. Finally, a 50 nm thick undoped Si layer and a 200 nm thick contact n + -Si layer doped by antimony at 10 18 -10 19 cm −3 were grown on top of the Ge/Si multilayer structure. A silicon diode was also grown as a reference sample. The details of the structure growth technique are published in [16] . X-ray diffraction studies were carried out on a DRON-4 diffractometer. Transmission electron microscopy (TEM) studies were performed on Philips CM20 and JEM 4010 electron microscopes with acceleration biases of 200 kV and 400 kV, respectively. The grown structures were cleaved into pieces of size 2 × 2 mm 2 for the EL and PC measurements. A 500 μm diameter Au/Ti ohmic contact was deposited on the top of the structure. The bottom ohmic contact was formed by the deposition of Al on the backside of the substrate. The side face of the studied structure was not passivated. The EL studies were carried out in the pulsed mode to avoid overheating of the samples. The pulse duration and repetition period were 4 ms and 25 ms, respectively. The EL spectra were measured with a grating monochromator and a nitrogen-cooled Ge detector. The emitting power was measured in the continuous mode using an InGaAs-based power meter PD300-IRG operating in the spectral range of 0.8-1.7 μm. The power of the light emitted into the spatial angle restricted by the aperture of the power meter in the direction normal to the structure surface was measured in the experiment. The PC studies were performed with a Bruker Figure 1 . EL spectra of the structures with Ge(Si) islands grown at 600
• C (1), with Ge(Si) islands grown at 700
• C and the Si spacer thickness of 23 nm (2) and the silicon diode (3). All spectra were recorded at RT and were corrected for the spectral response of the detection system. The pumping current was equal to 200 mA.
Vertex 80V Fourier-transform spectrometer under zero bias on the diode structures. A part of the grown structures was irradiated at RT with ∼1 MeV neutrons with fluencies up to 10 15 cm −2 .
Electroluminescence and photoconductivity of structures with Ge(Si) islands
The EL study at RT has shown that the Si reference diode has an EL signal in the wavelength range of 1.0-1.2 μm related to the band-to-band recombination (figure 1). All studied diodes with the Ge(Si) self-assembled islands grown at various temperatures demonstrate RT EL signals from the islands in the range of 1.25-1.8 μm (figure 1). It was observed that the islands grown at T g = 600
• C showed the highest intensity of the EL signal at RT (figure 1) [15, 22] . This observation coincides with the results of our previous PL studies of structures with Ge(Si) islands which have revealed that Ge(Si) dome islands grown at T g = 600
• C demonstrate the most intensive PL signal at RT in comparison with islands grown at other temperatures [23] . This fact is associated with the best localization of holes in the dome nanoislands grown at T g = 600
• C [23] , because this temperature is the lowest growth temperature for the dome-island formation [24, 25] . The increase of the growth temperature above 600
• C leads to an enhancement of the Si diffusion into the dome islands [26, 27] . According to the results of x-ray analysis, the average Ge content in the islands in the investigated multilayer structures decreases from x = 45% to x = 37% with an increase of T g from 600
• C to 650
• C [22] . The EL peak from dome islands is shifted to the EL peak from Si due to the increase of Si content in the islands (figure 1). The growth of Si content in the islands leads to a decrease in the valence band offset on the heterojunction between silicon and Ge(Si) islands, decreasing the depth of the potential well for the holes in the islands and, consequently, reducing the probability of a hole localization in the islands at RT. As a result, the temperature quenching of the EL signal from the dome islands strongly increases with the increase of the growth temperature, T g , from 600
• C to 700
• C. The rise in the EL signal from Si at RT in the structures grown at elevated temperatures could serve as a confirmation of the poor hole localization in the islands. It should be noted that in contrast with the EL signal from the dome islands at RT, a low-temperature (77 K) EL signal increases with the increase of growth temperature, which is related to the better crystalline quality of structures grown at higher temperatures.
The decrease of T g from 600
• C to 550
• C results in morphology transition in the growth of Ge(Si) self-assembled islands [24, 25] . In this temperature range, the transition of the island type, dominating the surface, occurs from dome island to hut island growth [24, 25] . This transition is accompanied by a dramatic decrease of the island height. Due to the quantum confinement effect, this leads to pushing the hole ground level in the island toward the Si valence band edge, which results in a worse hole localization in the islands at RT. Another possible reason for the decrease of the EL intensity from the islands grown at low temperatures is an increase of the point defect density, and consequently, of the non-radiative recombination centers in the structures grown at low temperatures [28] . Thus, the best hole localization in the structures under investigation occurs in Ge(Si) dome islands grown at 600
• C. Besides the growth temperature, the thickness of the Si spacer layer (d Si ) in multilayer structures is the other parameter affecting the localization of the charge carriers in structures with Ge(Si) islands and their probability of radiative recombination [6, 29, 30] . On one hand, the increase of the Si spacer thickness leads to the decrease of elastic strain in the multilayer structure. As a result, the strain-induced Si diffusion into the islands is decreased and the Ge content in the islands is increased with the increase of d Si [24] . Besides that, the decrease of elastic strain leads to a decrease of the density of the defects in the structure, which also contributes to an increase of the EL intensity.
On the other hand, a thinner Si spacer is more strained, and therefore, the potential well for the electrons in such spacers is deeper than in a thick spacer [6] . The formation of superlattice of the Ge(Si) islands separated by thin Si spacers results in the growth of overlapping of the wave functions of the holes from the islands and electrons in the Si spacer. The appearance of minibands for one or both kinds of charge carriers is possible in the superlattice with Ge(Si) islands separated by thin Si spacers [31] . All these factors increase the probability of the radiative recombination of charge carriers. But the high elastic strain in the structures with thin Si spacers leads to the formation of defects of the crystal lattice, which increase the probability of non-radiative recombination of the charge carriers.
The thickness of the Si spacer was varied in diodes with the dome islands grown at T g = 600
• C in the range of d Si = 7.5-32 nm. The TEM studies have shown the high-crystalline quality of the multilayer structure with both thick and thin Si spacer layers and the strong vertical correlation of the island even at the thickest Si spacer (figure 2). Besides, the island sizes increase with an increase of the layer number, which could be attributed to an increase of the Si content in the islands due to the accumulation of elastic strain in the structure [30] (figure 2).
The enhancement of EL intensity from the islands has been observed with an increase of the Si space layer thickness, which is attributed to the decrease of elastic strain in the structure. First, the decrease of elastic strain results in a decrease of the strain-induced Si diffusion into the islands [30] . For example, according to x-ray analysis, the Ge content in the islands increases from 45% ± 3% to 51% ± 3% with an increase of d Si from 25 nm to 32 nm [15] . Second, the decrease of elastic strain should lead to a decrease of the threading dislocation density in the structure, which also contributes to an increase of the EL intensity. The external quantum efficiency of the radiative recombination in the structures with the islands has reached the value ∼0.01% at RT for the structure with d Si = 32 nm. It should be noted that the reference silicon diode demonstrates a significantly lower value of 2 × 10 −6 for the external quantum efficiency.
The study of PC of the structures with Ge(Si) islands has shown the presence of a PC signal at the energies below the bandgap of bulk Si, at the wavelength range of 1.2-1.7 μm (figure 3). The PC signal in this wavelength range is absent in the reference Si diode (figure 3), which allows us to correspond this PC signal to the light absorption in the Ge(Si) islands. The intensity of the PC signal from the islands has the same dependences on the parameters of the structures as the EL Figure 3 . PC spectra of the Si diode (1) and of the structure with Ge(Si) islands grown at 600
• S (2) (with 16 nm Si spacer thickness). All spectra were recorded at RT under zero bias.
signal [15] . Similar dependences of the EL and PC signals on the growth conditions and the large overlap of the EL and PC spectra from the structures with Ge(Si) islands make these structures a promising material for the development of a Si-based optocoupler operating in the spectral range of 1.3-1.55 μm.
Impact of neutron irradiation on EL and PC from the islands and bulk silicon
Recently, it was obtained that the degree of degradation of the PL properties of different SiGe/Si(0 0 1) low-dimensional structures due to irradiation strongly depends on the efficiency of the space localization of the charge carriers in them [18] . It was also shown that high-energy neutron irradiation has the highest impact on the PL spectra of SiGe heterostructures [18] . In this work, the impact of neutron irradiation on the EL and PC of the structure without carrier confinement (Si diode) and structures with a strong carrier confinement (multilayer diode with Ge(Si) self-assembled islands) is studied. The study of the EL spectra of the silicon diode at RT has shown the presence of a signal related to the band-toband recombination of charge carriers (figure 1). The neutron irradiation does not lead to a change of spectrum or to an appearance of new lines in the EL spectrum of the silicon diode at RT. The increase of neutron fluence results only in the fast degradation of the intensity of the EL signal from Si. This signal is practically vanished after irradiation with a fluence of 10 15 cm −2 (figure 4). The decrease of the EL signal intensity is associated with an increase of the number of radiation defects after neutron irradiation. The radiation defects are the effective centers of non-radiative recombination for the charge carriers. The enhancement of neutron fluence leads to an increase of the defect concentration in the structure. The latter results in a decrease of the EL signal and, if the neutron irradiation is strong enough, in the disappearance of the EL signal from Si.
The investigation of diodes with Ge(Si) self-assembled islands has shown less degradation of the EL signal after neutron irradiation (figure 4). It was observed that the EL signal from the islands at RT still exists even after neutron irradiation with a fluence of 10 15 cm −2 (figure 4). At the same time, the EL signal corresponding to the band-to-band recombination of charge carriers in silicon, observed in the EL spectra of the same diode with islands before irradiation (figure 1), disappears already after neutron irradiation with a fluence of 10 13 cm −2 . The higher RH of multilayer structures with Ge(Si) islands, in comparison with bulk silicon, is associated with the effective space localization of charge carriers (3D for holes in the islands and 2D for electrons in the Si spacer layers) [18] . Due to a large valence band offset on the silicon-island heterojunction (more than 300 meV for dome islands grown at 600
• C), the holes are localized in the islands up to RT. Therefore, at least holes in the structures with self-assembled islands have a low probability of non-radiative recombination on radiation defects, produced in the Si matrix. The probability of light-emitting recombination of holes could be affected only by the appearance of a defect in the island. The formation of a defect in the island 'switches off' this island, but other islands would contribute to the EL signal. The enhancement of neutron fluence increases the number of islands with radiation defect, which leads to a decrease of the EL signal from the islands. But due to the high-volume density of the islands in the studied structures (∼3 × 10 15 cm −3 ), the decrease of the island-related EL signal with neutron fluence proceeds slowly.
The study of the PC spectra of the silicon diode has revealed that the PC signal rapidly drops with an increase of neutron irradiation fluence. The PC signal from the silicon diode as an EL signal is not observed after neutron irradiation with a fluence of 10 15 cm −2 . At the same time, the investigation of the PC spectra of the diode with multilayer structures with the Ge(Si) self-assembled islands has shown higher RH of the PC from these structures in comparison with the bulk silicon diode. Firstly, the PC signal in the wavelength range where the light absorption proceeds in the bulk silicon (<1.2 μm), drops about one order of magnitude after neutron irradiation with a fluence of 10 15 cm −2 but is still observed ( figure 5 ). Secondly, in the longer wavelength range (>1.2 μm), where the light absorption proceeds in the Ge(Si) islands, the essential degradation of sensitivity has not been observed even after neutron irradiation with a fluence of 10 15 cm −2 (figure 5).
Conclusion
The effect of growth conditions and structure parameters on EL and PC from p-i-n diode Ge(Si)/Si(0 0 1) multilayer structures with self-assembled islands has been studied. The structure with Ge(Si) islands grown at 600
• S has demonstrated the most intensive EL and PC signals in the wavelength range of 1.3-1.55 μm at RT. This result is associated with the best localization of holes in the islands grown at this temperature. The highest value of the EL external quantum efficiency in the wavelength range of 1.3-1.55 μm, obtained by the optimization of the structures, has reached 0.01% at RT. The intensity of the PC signal from the islands is correlated with the intensity of the EL signal. The simultaneous observation of the EL and PC signals makes the development of an optocoupler based on the structures with Ge(Si) islands feasible, after the proper optimization of the structures. The study of neutron irradiation impact on the EL and PC of a Si diode and a diode with Ge(Si) islands has shown the higher RH of multilayer structures with Ge(Si) islands in comparison with bulk silicon. This result is associated with the effective space localization of charge carriers in Ge(Si) self-assembled islands.
